Background/Aims: The herbal medicine Kudingcha has a bitter taste and low bioavailability for lipid reduction. To improve the bioavailability and ameliorate the compliance, we prepared Kudingcha nanoparticles and investigated their effect in hyperlipidaemic rats. In addition, the safety and lipid-lowering mechanism of the Kudingcha nanoparticles were examined. Methods: Kudingcha nanoparticles were prepared by ionotropic gelation and spray-drying. Seventy rats were randomly assigned into eight groups: a normal fat diet group (NF), a high-fat group (HF), a spontaneous recovery group (SR), a Kudingcha group (KDC), a blank nanoparticle group (B-N), and a Kudingcha nanoparticle groups (low, medium and high doses). All groups (except for the normal fat diet group) were fed a high-fat diet to establish hyperlipidaemia. Different interventions were administered to the treatment groups for four weeks. Serum lipids were measured using commercially available kits according to the recommended protocols. Liver morphology and histopathology were examined by a light microscope. The mRNA and protein levels of TLR4 and NF-κB were determined by RT-PCR and Western blotting, respectively. In addition, acute toxicity was evaluated by the LD 50 test. Results: The Kudingcha nanoparticles were spherical and had a smooth surface. The size distribution of the nanoparticles was 100-600 nm. Acute toxicity results revealed that the Kudingcha nanoparticles were a non-toxic substance. Compared with regular Kudingcha, TG and TC decreased distinctly in the Kudingcha nanoparticles, especially for the moderate and high dose groups (p<0.05). Moreover, the Kudingcha nanoparticles were superior in lowering body, liver and adipose tissue weights compared to Kudingcha (p<0.05). With respect to antioxidant properties, the nanoparticles
Introduction
Hyperlipidaemia is an umbrella term that refers to any of several acquired or genetic disorders that result in a high level of lipids circulating in the blood. These lipids can enter the walls of arteries and increase the risk of developing atherosclerosis, which can lead to coronary heart disease, stroke and other types of cardiovascular disease [1] . Smoking, obesity, diabetes, hypertension, poor diet, and a sedentary lifestyle are also risk factors for atherosclerosis [2] .
As mentioned in the literature reported by the Centers for Disease Control, hyperlipidaemia is second to hypertension in the list of the 10 most common chronic conditions [3] . Therefore, prevention and treatment of hyperlipidaemia have received considerable attention. Lifestyle modification, involving a healthy diet, regular exercise habits, no smoking, and maintenance of a healthy weight, remains the best strategy for reducing the risk of hyperlipidaemia. Additionally, medications known as statins and fibrates play an essential role in both the prevention and treatment of hyperlipidaemia.
Statins taken orally, usually once daily, are extremely effective in lowering LDL and VLDL levels. However, the most common side effects that lead individuals to stop taking statin medications are intolerable muscle and joint aches [4] . The degree of danger greatly rises when statins are used in combination with fibrates. In addition, statins may induce diabetes and cognitive dysfunction.
The use of alternative treatments, especially medicinal plants and their complements, to treat different diseases, such as hyperlipidaemia, diabetes, and cardiovascular disease, has rapidly increased worldwide over the recent decades [5] [6] [7] . Kudingcha (Broadleaf holly leaf CJ Tseng), a traditional Chinese herbal medicine, which is a common plant in Guangxi, a province of southwest of China, is one such alternative treatment. At present, Kudingcha is recorded in the Guangxi Zhuang Nationality Drug Quality Standards. Many studies have indicated that Kudingcha has the effect of reducing lipids [8] . However, due to the bitter taste and low bioavailability for lipid reduction, there are inevitable drawbacks of poor compliance and the need for large doses. Consequently, decreasing the dose and improving compliance is the goal that we are pursuing.
Over the past decades, nanotechnology has emerged as a promising research direction in the field of medicine [9] . Nanoparticles have remarkable properties, including a small particle size, a large surface area, passive targeting of the liver, etc. [10] . Nanoparticle vehicles address many of the challenges of drug delivery by improving drug stability, increasing bioavailability, and decreasing toxicity and side effects [11] . Therefore, we prepared nanoparticles of Kudingcha to solve the currently existing problems of renal damage and poor compliance associated with the free drug. In addition, nanoparticle-sized materials have markedly different physicochemical characteristics than their larger-sized versions; thus, they may have very different effects on living cells and can potentially result in toxicities even at low cumulative doses [12] . For this reason, the potential for adverse events and toxicities related to the nanoparticle vehicle itself must be considered, especially with novel nanoparticle formulations.
Although Kudingcha exhibits positive effects for hyperglycaemia and improves lipid metabolism, its definitive mechanism remains largely unknown. Toll-like receptor 4 (TLR4) is a transmembrane protein that is a member of the toll-like receptor family, which belongs to the pattern recognition receptor (PRR) family. Its activation triggers the NF-κB intracellular signalling pathway and inflammatory cytokine production, which is responsible for activating the innate immune system [13] . Recently, TLR4 has also been shown to play an essential role in the pathogenesis of atherosclerosis-related insulin resistance [14] , diet-induced obesity and hyperlipidaemia [15] . It has also been demonstrated that TLR4 deletion protects mice from NF-κB mediated inflammation [16] . Hence, the present study also evaluated whether the effect of Kudingcha nanoparticles on hyperlipidaemia is regulated by the TLR4-NFκB signalling pathway. Therefore, in this study, we prepared Kudingcha nanoparticles and investigated the hypolipidaemic effect on rats fed high fat diets. Furthermore, the acute toxicity of the nanoparticles was examined, and the mechanism of Kudingcha on lipid metabolism was also evaluated.
Materials and Methods

Materials
Kudingcha was provided by Huang's Kudingcha Company (Daxin County, Guangxi Zhuang Autonomous Region, China). It was identified as one of the species in the Ilex genus by Wang Jie (senior technician of Guangxi Medical University). Chitosan with an average molecular weight of 210 kDa was purchased from Shandong Aokang Biotech Ltd. (Shandong, China). The viscosity of the chitosan was less than 200 cP, and the deacetylation value was 96.2%. TC, TG, HDL-C and LDL-C kits were obtained from Wako Pure Chemical Industries, Ltd. (Japan). Superoxide dismutase (SOD) and methane dicarboxylic aldehyde (MDA) kits were purchased from Nanjing Jiancheng Bioengineering Institute (Wenzhou, China). All other reagents and solvents were of analytical grade.
Preparation and characterization of nanoparticles
Kudingcha nanoparticles were prepared using previously reported methods [17] . In summary, chitosan was dissolved in 1% acetic acid, forming a solution at the concentration of 2.0 mg/mL, and tripolyphosphate (TPP) was dissolved in distilled water at 1.0 mg/mL. A specific volume of chitosan solution was obtained and slowly added into the total flavonoids of the Kudingcha solution at room temperature with magnetic stirring (600 rpm). This mixed solution was slowly placed into the TPP solution using a 4th syringe needle for 45 min. Finally, a nanosuspension was spontaneously obtained when blue opalescence appeared [18] . Spray-drying was performed for the nanosuspension with a Lab Spray Dryer L-117 (Laiheng Scientific Co. Ltd, Beijing, China). The nozzle was 0.5 mm, and the other adjustable parameters, including the inlet and outlet temperatures, solution pump flow rate, and aspirator partial vacuum, were similar to those in our previous studies [19, 20] .
The particle size and size distributions of the nanoparticles were determined with a particle sizer (Zetasizer 3000 HAS, Malvern Instruments Ltd., Worcs, UK). The morphology of the nanoparticles was examined using transmission electron microscopy (H-7650, Japan Hitachi).
Experimental protocols
Seventy male Sprague-Dawley rats weighing (150±20) g and aged 6 weeks were purchased from the Laboratory Animal Center of Guangxi Medical University (Nanning, China). During the experimental period, the animals were housed at the ratio of 8 rats per cage in environmentally controlled conditions (temperature 22℃, 12-hour light-dark cycle) and allowed access to food and water ad libitum. All rats were fed standard rodent chow (provided by the Laboratory Animal Center of Guangxi Medical University, Nanning, China) and allowed to acclimatize for 1 week. Then, the rats were divided into the normal fat diet group (NF group, n=8) and high fat group (n=62) to establish the hyperlipidaemia model. The NF group was fed standard rodent chow ad libitum, and the other group received the high-fat diet, which is explained in our previous report [20] . After 2 weeks, when the hyperlipidaemia model was successful, the 62 rats were randomly divided into seven groups of eight rats:
high fat group (HF); spontaneous recovery group (SR);
Primary Outcome Measurements
The rats body weights were recorded daily. At the end of the experimental period, the rats were fasted overnight, and blood samples were taken from the orbital vein using a capillary tube under ether anaesthesia to quantify the levels of antioxidants and lipids. Antioxidants, including SOD and MDA, were measured by the colourimetric method using a TU-1901 UV-Vis Spectrophotometer (Beijing Purkinje General Instrument Co., LTD). Serum lipids were assayed by the enzyme method using commercially available kits (Wako Pure Chemical Industries, Ltd) with an Automated Biochemistry Analyzer 7100 (Hitachi, Ltd).
Then, the rats were sacrificed and necropsied. Liver, epididymal and perirenal white adipose tissue were removed and weighed quickly. Liver morphology and histopathology were examined under a light microscope (Olympus, Tokyo, Japan). Tissue sections were stained with haematoxylin and eosin and observed at 20× magnification.
Relative quantitative real-time PCR
The total RNA of liver tissue was extracted using the RNAiso Plus kit (Takara Biotechnology Co. Ltd, Dalian, China) according to the manufacturer's protocols. cDNA was synthesized from RNA with a PrimeScript™ RT reagent Kit (Takara Biotechnology Co. Ltd, Dalian, China). PCR was conducted on an ABI Prism 7300 real-time thermocycler (Applied Biosystems, Foster City, CA, USA) using the TransScript™ SYBR® Green Master Mix kit (Takara Biotechnology Co. Ltd, Dalian, China). The different pairs of oligonucleotide primers used for PCR are shown in Table 1 . β-actin was used as an endogenous control. The amount of gene expression was normalized by the 2 -ΔΔCT relative quantitative method.
Western blotting analysis
Liver tissues were lysed with PMSF and RIPA solutions. Protein concentration was determined using the BCA protein quantification kit (Bio-Rad, USA). Western blot was performed as previously described [21] . Proteins were detected with primary antibodies to TLR4 and NF-κB (Cell Signaling Technology, Boston, MA, USA). The membranes were scanned under an infrared imaging system (Odyssey, LI-COR, USA).
Acute oral toxicity
Acute oral toxicities of the Kudingcha nanoparticles were evaluated in mice using the methods that we previous reported [20] . Briefly, the mice were divided into the control group and 4 treatment groups, with 10 animals in each group (half male and half female). The control groups received normal saline, and the treatment groups were administered 1000, 2150, 4640, and 10, 000 mg/kg of the Kudingcha nanoparticles. The mortality and symptoms were observed and measured for 14 days after oral administration of the different dosages. Finally, the rats were sacrificed by cervical dislocation. Vital organs, including the liver, lung, spleen, kidneys, and heart, were removed for macroscopic analysis. 
Statistical analysis
All statistical analyses were performed using SPSS software version 19.0 (SPSS, Inc., Chicago, IL, USA), and the data are expressed as the mean and standard deviation (SD). One-way analysis of variance (ANOVA) with the Student-Newman-Keuls multiple comparison test was used to examine differences between two groups. A value of p<0.05 was considered statistically significant.
Results
Characterization of the Kudingcha nanoparticles
The shape of the Kudingcha nanoparticles was spherical, and the surface was smooth (Fig. 1) . The particle size distribution of the nanoparticles was between 100 and 600 nm, and the distribution was concentrated with a dispersion coefficient of 0.137. All these characters have been described in our previous stud [17] .
Serum lipids
In comparison with the NF group, the serum levels of TG, TC and LDL-C increased significantly (p<0.05) in the high-fat diet group after two weeks, which implied that the hyperlipidaemia model was successful. The results for serum TC, TG, HDL-C, and LDL-C after four weeks of treatment are shown in Table  2 . Compared with the HF group, TC and TG were significantly reduced in the Kudingcha nanoparticle groups (p<0.05). The effect was more pronounced when the dosage of nanoparticles increased. In the KDC-N-H group, TG and TC were also distinctly decreased in comparison with the SR, KDC, and B-N groups. Noticeably, TC was reduced in the SR group compared with the HF group; however, the same response was not observed for TG. The results indicated that TC had the ability for spontaneous recovery in hyperlipidaemic rats, but TG did not exhibit this ability. In addition, Kudingcha nanoparticles did not play a great role in the HDL-C and LDL-C levels. 
Body, liver and adipose tissue weights
The changes of body weight in different groups after 4 weeks of treatment are shown in Fig. 2 . In contrast the SR group, the KDC-N-L, KDC-N-M, KDC-N-H, KDC, and B-N groups showed a lower body weight compared with the NF group (p<0.05). Furthermore, compared with the KDC and B-N groups, the KDC-N-M and KDC-N-H groups also displayed a better effect in terms of weight loss (p<0.05), which was dose related. No body weight gain was observed in the NF and SR groups (p>0.05). Intriguingly, a significantly lower weight gain was observed in the HF group compared with the NF and SR groups. This situation might be attributed to the lack of appetite, which may be caused by a long-term high fat diet.
The final liver and adipose tissue weights of the groups are shown in Table 3 . The liver weight was obviously reduced in the five treatment groups (KDC, B-N, KDC-N-L, KDC-N-M and KDC-N-H) compared to the NF, HF and SR groups (p<0.05).
Analogously, adipose tissue weights, including epididymal and perirenal white adipose tissue, was decreased in the five treatment groups, and moderate and high doses of Kudingcha nanoparticles were more effective than the other treatment doses.
Antioxidation
Serum SOD was significantly increased in all the treatment groups compared with the HF and SR groups (p<0.05), and a distinct difference was also revealed between the KDC-N-H group and the KDC group (Fig. 3a) . Liver SOD levels were higher for the middle and high dose nanoparticle groups compared with the HF, NF, and SR groups (p<0.05).
No difference was observed in the other groups (Fig. 3c) . In addition, the serum malondialdehyde (MDA) value for all treatment groups was obviously decreased compared to the HF and SR groups (p<0.05). The blood MDA level in the KDC-N-M and KDC-N-H groups was particularly lower than that of the controls (p<0.001). The comparative results are provided in Fig. 3b . However, the situation was different in the liver. Compared with the HF group, all the other groups manifested a significant decrease in the MDA level. There were no differences revealed among the other groups (Fig. 3d) .
Liver morphology and histology
The results for liver morphology are shown in Fig. 4 . Consistent with the NF group, the livers of rats in the KDC-N-M and KDC-N-H groups were relatively small, crimson in colour, and featured sharp edges and smooth sections. By comparison, those in the HF group were light red, swollen, and had thick edges and apparent fat granules. The results indicated that KDC nanoparticles at moderate and high doses have a protective effect on the liver through reductions in fat deposition and acceleration of fat metabolism in the liver in rats.
The liver histology (Fig. 5) showed that the livers of rats in the KDC-N-L, KDC-N-M and KDC-N-H groups contained few fat droplets and necrotic cells, similar to those in the NF group. In contrast, the rats in the HF group developed severe steatosis; the histology of the liver exhibited a large number of fat vacuoles, and these hepatocytes fused together, implying that the hyperlipidaemia model was successfully established. Both the KDC and B-N groups revealed slightly alleviated signs of fatty liver compared to the Kudingcha nanoparticle groups. These results demonstrated that Kudingcha nanoparticles have a positive effects on the fatty liver in rats.
TLR4 and NF-κB mRNA expression levels in liver tissue
PCR analysis showed that the mRNA expression levels of TLR4 and NF-κB were significantly upregulated in the liver tissue of the groups induced by a high fat diet compared with the normal fat diet group (p<0.05). Following the Kudingcha nanoparticle treatment, the mRNA expression levels of TLR4 and NF-κB were reduced, particularly in the rats administered the high dose of KDC nanoparticles (p<0.05). Compared with the KDC group, the medium and high In addition, the mRNA levels in the spontaneous recovery and blank nanoparticle groups did not exhibit an evident decrease compared to the high fat diet group (p>0.05). These results are presented in Fig. 6 .
TLR4 and NF-κB protein expression levels in liver tissue
The protein expression levels of TLR4 and NF-κB are shown in Fig. 7 . Compared with the normal control group, the protein levels of TLR4 and NF-κB were obviously upregulated in the high fat diet groups (p<0.05). After treatment with the KDC nanoparticles, the protein levels were decreased, particularly in the rats administered the high dose of KDC nanoparticles (p<0.05). Similarly, medium and high doses of nanoparticles displayed more apparent downregulation than the regular KDC in the protein expression levels of TLR4 and NF-κB (p<0.05). Likewise, the protein levels in the spontaneous recovery group were not decreased compared to the high fat diet group (p>0.05).
Acute toxicity
The number of deaths for all doses tested was less than half. Therefore, the median lethal dose (LD 50 ) of KDC nanoparticles was over 10, 000 mg/kg. This implies that KDC nanoparticles did not cause any acute toxicity.
Discussion
The polymers utilized in nanoparticles that are currently in clinical use are generally accepted as being biocompatible and safe. In this study, chitosan was used as a polymer carrier to prepare the nanoparticles. As a well-known natural polyelectrolyte, chitosan has attracted interest as a biocompatible, biodegradable, mucoadhesive, and nontoxic material for use in biomedical applications [22] . However, formulations of different nanoparticle sizes might have different physicochemical properties; thus, toxicities must be considered. The aim of an acute oral toxicity study is the estimation of LD 50 , which is currently the basis for the toxicological classification of chemicals. The LD 50 of Kudingcha nanoparticles was over 10, 000 mg/kg, a value that is considered as safe [20] .
Hyperlipidaemia is a major risk factor for cardiovascular disease, and statin-based lowering of LDL cholesterol has demonstrated a significant reduction in cardiovascular disease events in patients with hyperlipidaemia [23] . However, some patients who have achieved low LDL cholesterol levels remain at high residual cardiovascular disease risk, especially if TG levels are elevated [24] . This may be due to other risk factors beyond LDL cholesterol resulting in the situation. Over the past few decades, age-adjusted LDL-C has fallen significantly following the increased use of statins, and a significant increase in TG levels has become increasingly common throughout the world [25] . Furthermore, research has shown that obese and overweight individuals have higher TG levels than the normal- [26] . In addition, hypertriglyceridaemia is also common in patients with the metabolic syndrome, type 2 diabetes, and renal disease [27] .
In the past few years, some studies have linked high TG levels to an increased risk of cardiovascular disease events, including ischaemic stroke, myocardial infarction, ischaemic heart disease, and death in adults [28] . In this study, Kudingcha nanoparticles did not exhibit a notable role in reducing LDL-C. However, Kudingcha was found to exhibit outstanding capacities for lowering TC and TG in hyperlipidaemic rats. Simultaneously, the TC level was also reduced in the spontaneous recovery group compared with the high fat diet group. This indicates that Kudingcha nanoparticles only exhibited the ability to decrease TG and implies that they would be a promising agent for the treatment of hypertriglyceridaemia.
In hyperlipidaemic patients, high cholesterol not only is correlated with adipocyte cholesterol but also has been shown to regulate adipocyte development [29] . Accordingly, patients with hyperlipidaemia are often obese. Our research revealed that KDC-NPs visibly lowered body weight, adipose tissue and liver weight compared with regular KDC.
As a marker for oxidative stress, MDA results from lipid peroxidation of polyunsaturated fatty acids [30] . The degree of lipid peroxidation can be estimated by the amount of MDA in tissue. SOD is an enzyme that catalyses the dismutation of the superoxide radical into either ordinary molecular oxygen or hydrogen peroxide [31] . Superoxide is produced as a by-product of oxygen metabolism and, if not regulated, causes many types of cell damage. Our studies revealed that liver and serum SOD levels increased significantly in the Kudingcha nanoparticle groups. Conversely, serum MDA values were decreased in the nanoparticle groups. In light of this, Kudingcha nanoparticles may be a new therapy for the treatment of diseases involving oxidative stress.
Liver morphology and histology showed that KDC nanoparticles at moderate and high doses have a protective effect on the fatty liver in rats. Moreover, the mRNA and protein expression levels of TLR4 and NF-κB were significantly downregulated in the liver tissue by the KDC nanoparticle treatments, particularly in the rats administered a high dose of nanoparticles. These outcomes indicate that the mechanism of KDC nanoparticles for the treatment of hyperlipidaemia, especially for fatty liver, may occur via the TLR4-NFκB signalling pathway. It is of great necessity to conduct RNAi and overexpression analysis in future research to elucidate the role of the TLR4-NFκB signalling pathway in the use of KDC nanoparticles for the treatment of hyperlipidaemia.
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